Major histocompatibility complex class II (MHCII) molecules play a pivotal role in the immune system because they direct the development and activation of CD4 ؉ T cells. There are three human MHCII isotypes, HLA-DR, HLA-DQ, and HLA-DP. Key transcription factors controlling MHCII genes have been identified by virtue of the fact that they are mutated in a hereditary immunodeficiency resulting from a lack of MHCII expression. RFXAP-one of the factors affected in this disease-is a subunit of RFX, a DNA-binding complex that recognizes the X box present in all MHCII promoters. To facilitate identification of conserved regions in RFXAP, we isolated the mouse gene. We then delimited conserved domains required to restore endogenous MHCII expression in cell lines lacking a functional RFXAP gene. Surprisingly, we found that 80% of RFXAP is dispensable for the reactivation of DR expression. Only a short C-terminal segment of the protein is essential for this isotype. In contrast, optimal expression of DQ and DP requires a larger C-terminal segment. These results define an RFXAP domain with an MHCII isotype-specific function. Expression of the three MHCII isotypes exhibits a differential requirement for this domain. We show that this is due to a differential dependence on this domain for promoter occupation and recruitment of the coactivator CIITA in vivo.
Major histocompatibility complex class II (MHCII) molecules are heterodimeric (␣-chain-␤-chain) transmembrane glycoproteins displayed at the surfaces of specialized cells of the immune system. In humans there are three MHCII isotypes-HLA-DR, HLA-DQ, and HLA-DP-encoded by distinct pairs of ␣-and ␤-chain genes (40) . MHCII molecules present peptides to the T-cell antigen receptor of CD4 ϩ T cells. The recognition of MHCII-peptide complexes by the T-cell antigen receptor of CD4 ϩ T cells represents an interaction that is of pivotal importance for the adaptive immune system because it controls the development, activation, proliferation, and life span of these cells (6, 44) . Given these key functions, it is not surprising that MHCII expression is tightly controlled and restricted to specialized cells of the immune system. In general, expression of the three MHCII isotypes is coordinated.
Expression of MHCII genes is controlled primarily at the level of their transcription by a well-defined regulatory module that is conserved in the promoter-proximal regions of all MHCII genes (reviewed in references 3, 20, 31, and 39) . This MHCII regulatory module consists of four cis-acting sequences referred to as the S, X, X2, and Y boxes. The molecular mechanisms that control the MHCII regulatory module have been elucidated to a large extent by the study of a severe hereditary immunodeficiency disease called MHCII deficiency or the bare lymphocyte syndrome (22, 31, 45) . As its name implies, this disease is due to the absence of MHCII expression. The genetic defects that are responsible for the disease lie in genes encoding trans-acting regulatory factors that are essential and highly specific for the transcription of MHCII genes (22, 31, 45) . Four different transcription factors-CIITA, RFXANK, RFX5, and RFXAP-have been identified and isolated by virtue of the fact that they are defective in four genetically distinct groups (complementation groups A, B, C, and D) of MHCII deficiency patients (9, 21, 27, 37, 38) . Three of these factors, RFXANK, RFX5, and RFXAP, assemble into a trimeric DNA-binding complex that binds specifically to the conserved X box sequences of MHCII promoters (8, 9, 21, 26, 28, 32, 37, 43) . All three subunits are required for binding of the complex. This RFX complex binds to MHCII promoters cooperatively with the X2 box binding factor X2BP (CREB) and the Y box binding factor NF-Y to generate a stable higherorder nucleoprotein complex referred to as the MHCII enhanceosome (4, 19, 23, 25, 30, 33) . The fourth factor, CIITA, functions as a non-DNA-binding transcriptional coactivator that is recruited to the MHCII enhanceosome via proteinprotein interactions (8, 13, 23, 49) .
The RFXAP gene was identified because it is mutated in MHCII deficiency patients belonging to complementation group D (9, 10, 22, 42) . RFXAP is also mutated in an in vitro-generated mutant cell line (6.1.6) characterized by a defect in MHCII expression (9, 11) . There is thus no doubt that RFXAP is essential for the transcription of MHCII genes. However, very little is known concerning its mode of action. The primary sequence of RFXAP provides essentially no clues as to how it functions because it contains few, if any, welldefined functional motifs. We therefore performed a detailed structure-function analysis of RFXAP. To identify conserved regions within RFXAP, we first isolated the mouse gene. Minimal essential domains were then mapped by studying their ability to reactivate expression of the endogenous MHCII genes in cell lines having a defect in the RFXAP gene. Surpris-ingly, we found that over 80% of RFXAP is completely dispensable for the activation of HLA-DR expression. For expression of this isotype, only a short 43-amino-acid C-terminal segment of the protein is required. In contrast, optimal expression of HLA-DQ and HLA-DP requires a larger 130-aminoacid C-terminal segment. This segment defines an 87-aminoacid RFXAP domain having an MHCII isotype-specific function. We demonstrate that the isotype-specific dependence on this domain of RFXAP is due to the facts that it is required in vivo for promoter occupation by RFX and recruitment of CIITA at certain MHCII genes (DQB and DPB) but that it is dispensable for these functions at other genes (DRA).
Bio-Rad electropulser using a 300-V and 960-F pulse. Transfected cells carrying the vectors were selected with 50 g of hygromycin per ml as described previously (38) . Transduction of cells with bicistronic lentiviral vectors was done essentially as described previously (43) . One week after transduction, the expression of HLA-DR and mCD8 was analyzed by fluorescence-activated cell sorting (FACS). Transduced cells expressing mCD8 were then purified by labeling them with biotin-conjugated anti-mouse CD8a (Ly-2; PharMingen) and sorting them with streptavidin-coated dynabeads (M-280; Dynal). Purified cells were analyzed by FACS 3 to 5 days after being sorted. To induce MHCII expression in ABI fibroblasts, the cells were cotransduced with a bicistronic lentiviral vector encoding CIITA. The following antibodies were used for FACS analysis: HLA-DR monoclonal antibody 2.06 (5), HLA-DP monoclonal antibody BRAFB6 (Serotec), HLA-DQ monoclonal antibody SPVL3 (Serotec), HLA-ABC w6/32 monoclonal antibody (Serotec), R-phycoerythrin-conjugated rat anti-mCD8a (Ly-2) monoclonal antibody (PharMingen), and the polyclonal fluorescein isothiocyanate-conjugated F(abЈ) 2 rabbit anti-mouse immunoglobulin G STAR9B (Serotec). Dead cells were excluded from the analysis by staining with propidium iodide and by their forward and sideways light-scattering properties.
In vitro transcription-translation. Transcription of plasmids encoding RFXAP and translation in a nuclease-treated rabbit reticulocyte lysate (Promega) were done as described previously (29) . Translation products were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Cell extracts and EMSA. Whole-cell extracts (17) and nuclear extracts (36) were prepared as described previously. The DRA-X box probe (WX2), binding, and gel electrophoresis procedures used to study binding of RFX by electrophoretic mobility shift assays (EMSA) have been described in detail elsewhere (30, 33, 43) . Binding of the multiprotein RFX-NF-Y-X2BP complex and dissociation rate experiments were performed as described previously (19, 25, 30, 33, 43) . The identity of the RFX-NF-Y-X2BP complex was confirmed by competition and supershift experiments as described previously (19, 25, 30, 33, 43) .
RNase protection assays. RNase protection assays were performed with cytoplasmic RNAs prepared as described in reference 47. The probes used to detect HLA-DRA, HLA-DRB, HLA-DQA, HLA-DQB, HLA-A, and GAPDH mRNAs have been described previously (2, 12) .
Chromatin immunoprecipitation. Chromatin immunoprecipitations with antibodies directed against RFX5 and CIITA were performed as described previously (23) . Immunoprecipitated promoter fragments were amplified by PCR and analyzed by agarose gel electrophoresis or quantitative real-time PCR using the SYBR Green method (Applied Biosystems, Rotkreuz, Switzerland). Real-time PCR results were normalized with respect to a standard dilution curve generated with input chromatin. The primers used for amplification were as follows: DRA, 5Ј- ATTTTTCTGATTGGCCAAAGAGTAATT-3Ј and 5Ј-AAAAGAAAAGA  GAATGTGGGGTGTAA-3Ј; DQB, 5Ј-CTGCCCAGAGACAGATGAGGT-3Ј  and 5Ј-TGATGTACCTGGCAGAAAGAATAAAAA-3Ј; DPB, 5Ј-CTCATAC  AAAGCTCAGTGTCCATTG-3Ј and 5Ј-CTGTGACCCTGGGATTGGAC-3Ј; and CD20, 5Ј-AACCAAAGTAATTGGAGCGAAGC-3Ј and 5Ј-GCCTGAAG ATGAAATCGCTGATA-3Ј.
Nucleotide sequence accession number. Nucleotide and amino acid sequences of mouse RFXAP have been submitted to GenBank under the accession number AF335512.
RESULTS
Mouse RFXAP is functionally equivalent to human RFXAP. We isolated the mouse RFXAP gene in order to facilitate the identification of conserved regions. Full-length RFXAP cDNA clones were isolated from a mouse spleen cDNA library, and several independent clones were sequenced (Fig. 1A) . The sequence was also confirmed by the isolation and sequencing of the genomic RFXAP gene (data not shown). The mouse RFXAP cDNA clones contain a 231-amino-acid open reading frame. The alignment of the human and mouse sequences is quite informative (Fig. 1A) . Mouse RFXAP shows an overall homology of 65% amino acid identity to the human protein.
Conservation is highest in the C-terminal two-thirds of the protein, particularly in three regions that had been noted previously in the human protein (Fig. 1B) . Two of these regions-an acidic segment (69% amino acid identity) and a glutamine-rich segment (95% amino acid identity)-are reminiscent of the transcription activation domains found in certain transcription factors (24) . The third region is rich in basic amino acids and encompasses a sequence resembling a bipartite nuclear-localization signal (NLS) (100% amino acid identity) (15) . Outside of these regions homology is lower and optimal alignment requires the introduction of gaps. Mutations within the RFXAP gene have been defined in several MHCII deficiency patients and in an in vitro-generated mutant cell line (6.1.6) (Fig. 1A) (9, 10, 22, 42) . All of these mutations lead to the synthesis of severely truncated RFXAP proteins lacking the most conserved C-terminal moiety.
Surprisingly, the AUG translation initiation codon of human RFXAP aligns with an ACG codon rather than an AUG codon in the mouse sequence (Fig. 1C) . The first in-frame AUG codon in the mouse RFXAP open reading frame is situated 81 nucleotides downstream of this ACG codon (Fig. 1C) . In other systems, it has been shown that certain ACG codons can function as translation initiation codons (7, 14) . Moreover, with an A nucleotide at Ϫ3 and a G nucleotide at ϩ4, this ACG codon is found in a favorable Kozak context for translation initiation (16) . To determine whether translation of mouse RFXAP could be initiated at the ACG codon, we performed in vitro transcription-translation experiments with two RFXAP constructs (Fig. 2) . The first construct (M-ACG) contains the entire open reading frame starting at the putative ACG initiation codon, whereas the second (M-ATG) starts at the downstream ATG codon ( Fig. 2A) . mRNAs transcribed from the two constructs were translated in a rabbit reticulocyte lysate system, and translation products were analyzed by SDS-PAGE (Fig. 2B) . The M-ACG construct directs the synthesis of a protein that is clearly larger than the protein encoded by the M-ATG construct, indicating that the unusual ACG codon is indeed used. The shorter protein, initiated from the internal ATG, is not synthesized from the M-ACG construct. This result indicates that the ACG initiation codon is used quite efficiently and that there is thus very little readthrough down to the ATG codon.
To test whether mouse RFXAP could substitute functionally for the human protein, the M-ACG and M-ATG versions were cloned into an episomal expression vector and transfected into a mutant human B-cell line (6.1.6) lacking a functional RFXAP gene. The ability of mouse RFXAP to complement the 6.1.6 cells was evaluated by examining cell surface MHCII expression (Fig. 2D ). Both the M-ACG and M-ATG constructs restore expression of HLA-DR, HLA-DQ, and HLA-DP to levels that are identical to those found in wild-type B cells (Fig.  2D ). Both versions of mouse RFXAP can thus substitute functionally for the human protein. These results also indicate that the first 27 amino acids of mouse RFXAP can be removed without affecting its function. As previously observed for complementation of 6.1.6 with human RFXAP (9), complementation with mouse RFXAP does not affect the level of cell surface MHCI expression (Fig. 2D) .
To confirm that mouse RFXAP can associate with the other human RFX subunits to form complexes capable of binding to the X box, we performed EMSA with nuclear extracts from 6.1.6 cells complemented with the M-ACG and M-ATG constructs. As expected from the reactivation of MHCII expression in these complemented cells, both mouse proteins could be incorporated into functional RFX complexes (Fig. 2C ). The abundance of these RFX complexes is similar to that of the native RFX complex observed in wild-type human B cells (Raji), indicating that the mouse RFXAP proteins are synthesized at physiological levels. Supershift experiments confirmed 
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that these RFX complexes contain all three subunits (data not shown). Finally, the RFX complexes containing mouse RFXAP could bind cooperatively with X2BP and NF-Y (data not shown).
The relative mobilities of the RFX complexes formed with human RFXAP, M-ACG, and M-ATG, are consistent with their respective sizes (Fig. 2C ). Due to the smaller sizes of the mouse proteins, the RFX complexes formed with M-ACG (231 amino acids) and M-ATG (204 amino acids) migrated faster than the native complex containing human RFXAP (272 amino acids). Moreover, the RFX complex formed with M-ACG migrated more slowly than the one formed with M-ATG. The latter observation indicates that, in accordance with the in vitro translation data, the unusual ACG translation initiation codon is used in vivo in the transfected cells.
Mapping of the minimal region of RFXAP required for expression of HLA-DR. In a previous report we determined that the last 138 C-terminal amino acids of human RFXAP are sufficient for in vitro assembly and DNA binding of the RFX complex (4). Similar results were reported by others (8) . To define the minimal essential region of RFXAP more precisely, we engineered a series of N-terminal deletions (N1 to N9) and examined their ability to restore expression of the endogenous MHCII genes in 6.1.6 cells. The endpoints of the deletions were chosen such that they progressively removed either segments exhibiting greater-than-average conservation between the human and mouse proteins or regions containing putative functional motifs (acidic, basic, and glutamine-rich regions) ( Fig. 1A and B) . The RFXAP deletions were introduced into 6.1.6 cells using a bicistronic lentiviral expression vector (43) . In this system, the first cistron encoding RFXAP is followed by a second cistron directing the synthesis of mCD8 via an internal ribosomal entry site. The advantage of this system is that stably transduced cells can be purified by sorting for mCD8 expression. After one round of sorting for mCD8, homogeneous populations of stably transfected cells were obtained. Remarkably, constructs with all deletions restored HLA-DR expression as efficiently as did wild-type RFXAP (Fig. 3A) . Over 80% of RFXAP, including the acidic and basic regions, can thus be deleted without affecting its ability to reactivate expression of the endogenous HLA-DR genes. Only the last 49 C-terminal amino acids encompassing the glutamine-rich region are required.
The ability of the N-terminal deletions to be incorporated into RFX complexes capable of binding to the X box was analyzed by EMSA using nuclear extracts from the complemented 6.1.6 cells. In agreement with the complementation analysis, the N-terminal deletions were able to generate RFX complexes capable of binding to the X box of the HLA-DRA gene. Results for the last three deletions (N7, N8, and N9) are shown in Fig. 3B . As expected from their size, the N7 (78-amino-acid), N8 (59-amino-acid), and N9 (49-amino-acid) deletions formed RFX complexes that migrated significantly faster than the complex formed with wild-type RFXAP (272 amino acids). Supershift experiments have confirmed that these complexes contain the endogenous RFX5 and RFXANK subunits as well as the transduced RFXAP subunit (Fig. 3D) .
The RFX complexes generated in 6.1.6 cells complemented with constructs with the N7 and N8 deletions are similar in abundance to those obtained with wild-type RFXAP, whereas a significantly lower level was obtained with the N9 construct (Fig. 3B) . Moreover, the abundance of the RFX complexes restored in complemented 6.1.6 cells is similar to the amount of native RFX present in wild-type B cells (Fig. 3C) . The possibility that the severely deleted versions of RFXAP retain their ability to restore HLA-DR expression because they are strongly overexpressed can thus be excluded.
The mutations affecting the two alleles of the RFXAP gene in the 6.1.6 cell line are such that they may in theory lead to the synthesis of two truncated RFXAP proteins containing the first 101 and 131 amino acids (Fig. 4A) (9) . There is no evidence that these truncated proteins are indeed produced in 6.1.6 cells. However, these endogenous N-terminal fragments would contain part or all of the conserved acidic region of RFXAP, which raises the possibility that the short N9 fragment can complement only 6.1.6 cells because the acidic region retained in the endogenous N-terminal RFXAP fragments provides a function that is required in conjunction with N9. To exclude the possibility of such an intermolecular complementation, we turned to the ABI cell line, which was derived from an MHCII deficiency patient. In ABI cells, there is a homozygous premature stop codon at amino acid 54 of the RFXAP gene (42) . This mutation removes all of the conserved regions of RFXAP (Fig.  4A) . The remaining 54 N-terminal amino acids show only poor conservation (30%) between the human and mouse genes. ABI cells were transduced with the bicistronic lentiviral constructs encoding wild-type RFXAP or RFXAP with the N9 deletion (Fig. 4B) . Since ABI cells are fibroblasts, which do not express the MHCII transactivator CIITA, the cells were transduced simultaneously with a bicistronic lentiviral vector encoding CIITA. The fraction of cells that were cotransduced by the RFXAP and CIITA expression constructs was relatively small under the conditions used. Nevertheless, the results indicate that the N9 construct restored HLA-DR expression almost as efficiently as wild-type RFXAP (7.3% of the cells for N9 versus 9.5% of the cells for wild-type RFXAP) (Fig. 4B) . The HLA-DR-positive cells are those that express the highest level of mCD8. This finding is consistent with the interpretation that they correspond to doubly transduced cells carrying both the CIITA and RFXAP expression vectors because both expression constructs encode mCD8 in the second cistron.
The NLS motif is not essential for activation of MHCII expression. The basic region of RFXAP contains a 17-aminoacid sequence that resembles a bipartite NLS and is perfectly conserved between the human and mouse proteins. This motif is characterized by two clusters of basic residues separated by a spacer of 10 amino acids (Fig. 5A ) and is very similar to the NLSs found in other proteins such as nucleoplasmin (35) . Our deletion analysis suggests that this putative NLS is not essential for the function of RFXAP (Fig. 3 ). However, it remained possible that it is in fact required for nuclear import of the intact protein but that deletions removing it (N6 to N9) generate proteins that are sufficiently small to enter the nucleus by passive diffusion. To exclude this possibility, we introduced point mutations into the NLS-like sequence. Two independent mutant proteins were constructed. Each mutant construct contained lysine-to-asparagine substitutions that are known to destroy the NLS of nucleoplasmin (Fig. 5A) . The two NLS mutant constructs were cloned into the bicistronic lentiviral vector and transduced into 6.1.6 cells. After purification of the transduced cells by sorting for mCD8, the expression of HLA-DR was analyzed by FACS. Both mutant constructs retained their ability to restore HLA-DR expression in 6.1.6 cells (Fig. 5B) . The expression of HLA-DP and HLA-DQ molecules was also restored (data not shown). Together with the deletion analysis (Fig. 3) , the results obtained with the point mutations argue against a crucial role of the NLS-like sequence of RFXAP.
The C-terminal glutamine-rich region is essential for the function of RFXAP. To narrow down further the minimal essential domain of RFXAP, we prepared a series of mutant constructs with C-terminal deletions (C1 to C4) and tested their ability to complement 6.1.6 cells (Fig. 6A) . Removal of the last six weakly conserved residues of RFXAP (C1) does not affect the ability to restore HLA-DR expression. In contrast, complementation is completely lost when the glutamine-rich region is deleted (C2, C3, and C4). This result reduces the minimal essential domain of RFXAP to a 43-amino-acid segment encompassing the C-terminal glutamine-rich region. This domain is 100% conserved between the human and mouse proteins (Fig. 1) .
The ability of the C-terminal deletions to form RFX complexes capable of binding to DNA was analyzed by EMSA using nuclear extracts derived from the complemented 6.1.6 cells (Fig. 6B) . As expected from the complementation analysis, C1 was able to form an RFX complex capable of binding to the X box with the same efficiency as that of the wild-type protein. In contrast, no RFX complex was detected in extracts from cells expressing C2 (Fig. 6B ) or C3 and C4 (data not shown), suggesting that these mutants cannot assemble into a functional RFX complex.
Differential dependence of MHCII isotypes on RFXAP. The expression of HLA-DR is typically more robust than that of HLA-DQ and HLA-DP, particularly in complementation experiments of the type described above. In order to reveal more subtle effects of the different versions of RFXAP with deletions, we extended our analysis to HLA-DQ and HLA-DP. The expression of all three MHCII isotypes was analyzed by FACS in 6.1.6 cells stably transduced with RFXAPs with Nterminal deletions (Fig. 7A ). All constructs with deletions down to and including N9 were fully capable of restoring HLA-DR expression. In contrast, the result was strikingly different for HLA-DQ and HLA-DP. Whereas constructs with N1 to N4 deleted retained the ability to restore the expression of all three isotypes, further deletions (N5 to N8) led to a progressive reduction in the efficiency with which the expression of HLA-DQ and HLA-DP was reactivated. The N9 construct completely lost the capacity to restore HLA-DQ and HLA-DP expression. Expression of HLA-DQ was lost more quickly than that of HLA-DP (see results for N5 and N6 in Fig.  7A ). The progressive loss in the ability to restore HLA-DQ and HLA-DP expression was not simply a reflection of lower expression levels. For instance, the cells transfected with the N7 and N8 constructs contained wild-type amounts of functional nuclear RFX complexes (Fig. 3B) .
The isotype-specific reduction in complementation was confirmed for selected deletions (N4, N7, and N9) by RNase protection experiments using probes specific for the mRNAs encoding the ␣-and ␤-chains of HLA-DR and HLA-DQ (Fig.  7B) . The N4, N7, and N9 constructs were equally efficient at activating expression of the HLA-DRA and HLA-DRB mRNAs. Quantification with respect to the level in the internal GAPDH control indicated that the N9 construct was 65 to 75% as efficient as wild-type RFXAP at activating HLA-DRA and HLA-DRB expression (Fig. 7C) . In contrast, sequential deletion from N4 to N9 led to a selective loss in the activation of HLA-DQ mRNA expression. HLA-DQA and HLA-DQB mRNA expression was not activated by the N9 construct above the initial background levels observed in the nontransduced cells (Fig. 7C) . Taken together, these results indicate that the region situated between the endpoints of deletions N4 and N9 is required for expression of HLA-DQ and HLA-DP but not for expression of HLA-DR (Fig. 7D) .
It is known that RFX contributes to the activity of MHCI promoters (41) . Therefore, despite the fact that the level of cell surface MHCI expression was not increased by complementation of 6.1.6 cells (Fig. 2C and 7A ), we nevertheless analyzed MHCI (HLA-A) mRNA levels by RNase protection experiments (Fig. 7B to C) . A twofold increase in HLA-A expression was observed upon complementation of 6.1.6 cells by intact RFXAP. The N9 construct retained the ability to activate HLA-A expression. The HLA-DQ and -DP-specific region of RFXAP is thus not essential for HLA-A.
Isotype-specific role of RFXAP in promoter occupation in vivo. The binding of RFX is essential for the activation of MHCII promoters. We therefore examined whether the isotype-specific dependence on the C-terminal region of RFXAP could be accounted for by differences in levels of promoter occupation by RFX. The binding of RFX in vivo to three endogenous MHCII promoters-DRA, DQB, and DPB-was studied by means of chromatin immunoprecipitation experiments using an antibody directed against the largest subunit of RFX (RFX5). To study the role of the isotype-specific region of RFXAP, we compared wild-type cells and 6.1.6 cells transduced with a deletion mutant RFXAP exhibiting an impaired ability to activate expression of DP and DQ. The N7 transfectant was chosen for the analysis because it exhibits a clear dissociation between the expression of DR and that of the two other MHCII isotypes (Fig. 7) despite the fact that wild-type levels of the mutant RFX complex were restored (Fig. 3) . In the wild-type cells, RFX binds to all three MHCII promoters (Fig. 8A) . In the N7 transfectant on the other hand, binding of RFX to the DRA promoter was retained at nearly normal levels whereas binding to the DQB and DPB promoters was almost completely lost ( Fig. 8A and B) . Differential activation of DR versus that of DQ and DP can thus be explained by differences in promoter occupation by the mutant RFX complex.
Binding of RFX is a prerequisite for the occupation of MHCII promoters by a multiprotein enhanceosome complex that serves as a landing pad for the transcriptional coactivator CIITA (23) . We therefore examined the effect of the N7 deletion on recruitment of CIITA to the DRA, DQB, and DPB promoters ( Fig. 8A and B) . As expected, recruitment of CIITA to the DRA promoter could be supported normally by the N7 deletion. In contrast, the recruitment of CIITA to the DQB and DPB promoters was abolished. We conclude that the N7 deletion eliminates binding of RFX to the DQB and DPB promoters in vivo and that promoter occupation and CIITA recruitment can thus not occur at these promoters.
A weak association of RFX and CIITA with the DRA promoter was observed in 6.1.6 cells (Fig. 8A and B) . This observation is consistent with results of previous studies that have indicated that this cell line is slightly leaky for DR expression (18) .
RFX binds to MHCII promoters cooperatively with two other transcription factors, NF-Y and X2BP (19, 25, 30, 33, 43) . An in vitro binding study has suggested that the importance of these cooperative binding interactions varies from one promoter to another (19) . It thus seemed plausible that the gene-specific promoter occupation defect of the RFXAP deletions could be due to the loss of cooperative binding with NF-Y and/or X2BP. To examine this possibility, we assembled the RFX-NF-Y-X2BP complex on the DRA promoter using nuclear extracts from cells containing either wild-type RFXAP or RFXAP with deletions. We then compared the levels of stability of these multiprotein-DNA complexes by measuring their dissociation rates. Results for the N8 deletion are shown in Fig. 8C . No difference in dissociation rate was observed between the complexes containing wild-type and mutant RFXAP (Fig. 8C) . Conditions for generating the higher-order complexes on MHCII promoters other than DRA are less well established (19) . We nevertheless managed to measure the dissociation rates of higher-order complexes formed on the DQB promoter, although the precise contents of these complexes could not be unambiguously defined. As observed for the DRA promoter, the deletions in RFXAP had no effect on the dissociation rate of the higher-order complexes formed on the DQB promoter (data not shown). Taken together, these results indicate that the N8 deletion does not lead to an obvious loss in cooperative binding between RFX, NF-Y, and X2BP in vitro.
DISCUSSION
RFXAP was first identified as a transcription factor for MHCII genes because it was found to be defective in 6.1.6 cells, an in vitro-generated MHCII-negative mutant, and in patients suffering from bare lymphocyte syndrome, a hereditary disease resulting from a deficiency in MHCII expression (9, 10, 11, 42) . Here we have used a genetic complementation approach to identify the regions within RFXAP that are necessary for the activation of MHCII genes. In this system, the ability to reactivate expression of the endogenous MHCII genes in RFXAP-deficient cells is evaluated. This has two key advantages. First, activation of the endogenous genes in their native genomic context is evaluated rather than the expression of artificial reporter gene constructs. Second, expression of the genes coding for all three MHCII isotypes can be assayed simultaneously in the same transfected cells. These advantages have permitted us to define two distinct domains within RFXAP. A highly conserved 43-amino-acid segment situated at the C terminus of RFXAP is required for expression of the genes encoding all three MHCII isotypes. Remarkably, this minimal essential domain is sufficient for expression of HLA-DR but not HLA-DQ and HLA-DP. Expression of the last two MHCII isotypes requires an additional region of RFXAP. The three different human MHCII isotypes thus exhibit a differential dependence on RFXAP. This results from the fact that the isotype-specific region of RFXAP is required for promoter occupation by RFX and recruitment of CIITA at certain MHCII genes (DQB, DPB) but not at others (DRA).
To facilitate our structure-function analysis, we isolated the mouse RFXAP gene. Mouse RFXAP can restore expression of all human MHCII isotypes in 6.1.6 cells and is thus functionally equivalent to the human protein. Homology between human and mouse RFXAP is high in the C-terminal moiety of the protein but is very low in its N-terminal half. This pattern of conservation is consistent with the finding that the N-terminal half of RFXAP can be removed without affecting its function. The most conserved segment in the N terminus of RFXAP is a previously noted region rich in acidic amino acids. We have been unable to attribute any function to this acidic domain; it can be removed completely without affecting the ability to complement 6.1.6 and ABI cells. Surprisingly, the mouse codon corresponding to the translation initiation codon of human RFXAP is ACG rather than AUG. Although only a few examples exist, nonclassical ACG initiation codons have been described for other systems (7, 14) . Moreover, this ACG codon of mouse RFXAP is found in an optimal Kozak consensus motif. We therefore determined whether translation of mouse RFXAP was initiated at the ACG codon or at a conserved downstream AUG codon. Our results indicate that the ACG codon is indeed used both in vitro and in transfected cells. The mouse RFXAP gene is thus among the rare examples where translation of a cellular gene is initiated at an ACG codon. However, initiation at this ACG is not essential for the function of RFXAP because initiation at the next downstream AUG generates a truncated protein that is fully capable of complementing 6.1.6 cells.
The basic region of RFXAP contains a sequence resembling an NLS. However, deletion of this sequence (N6 to N9) and point mutations that would inactivate the putative NLS (M1 and M2) do not lead to a reduction in the amount of the RFX complex present in nuclear extracts and do not affect the ability to activate the transcription of the genes encoding HLA-DR. These findings suggest that the basic sequence does not function as an NLS. Alternatively, it is possible that it does function as an NLS but that it is redundant with other NLS sequences present either in RFXAP or in one or both of the other two RFX subunits. The RFX complex assembles in solution by the association of RFXAP, RFX5, and RFXANK (4, 8, 43) . RFXAP may thus be carried into the nucleus passively by virtue of its association with RFX5 and/or RFXANK.
Remarkably, over 80% of RFXAP is dispensable for the activation of HLA-DR expression. A short 43-amino-acid Cterminal segment of the protein is sufficient for activating the endogenous HLA-DR genes, both in the B-cell line 6.1.6 and in the fibroblast cell line ABI. It is also sufficient for association with RFXANK and RFX5 and for assembly of an RFX complex that can bind specifically to the X box of the DRA promoter in vivo and in vitro. This has been demonstrated both for transfected cells (Fig. 3 and 8 ) and with recombinant RFX subunits (data not shown). The minimal essential region of RFXAP must thus mediate at least two functions. First, it must contain protein-protein interaction domains required for assembly of the RFX complex. Second, it must contribute to the DNA binding activity of RFX, either indirectly by inducing a conformational change in one of the other two subunits or directly by contacting the DNA (46) . In addition, the minimal domain can sustain stable occupation by RFX and recruitment of CIITA in vivo at the DRA promoter. The essential 43-amino-acid segment contains a glutamine-rich region and is predicted to have a high ␣-helical content (Fig. 1) . It is likely that one or both of these features are characteristic of the domains of RFXAP that contribute to assembly and binding of the RFX complex.
In contrast to the situation observed for HLA-DR, the minimal essential region of RFXAP is not sufficient for the expression of HLA-DQ and HLA-DP. Optimal expression of these two MHCII isotypes requires an additional 87-aminoacid region situated immediately upstream of the minimal domain (Fig. 7) . There are several predicted ␣-helical regions within the isotype-specific domain of RFXAP (Fig. 1) . The region rich in basic amino acids is also contained within this domain (Fig. 1) . Both the basic region and the potential helices are particularly well conserved between the human and mouse proteins (Fig. 1) . It is therefore tempting to speculate that the basic region and/or the putative helices represent structural elements implicated in the function of this domain.
Our results demonstrate that the isotype-specific region of RFXAP is essential in vivo for promoter occupation by RFX and recruitment of CIITA to the DQB and DPB promoters but is dispensable for these functions at the DRA promoter (Fig.  8A) . The occupation of MHCII promoters in vivo is known to require cooperative binding between RFX, NF-Y, and X2BP (19, 25, 30, 33, 43, 48) . In vitro binding experiments have demonstrated that the importance of these cooperative binding interactions varies for different MHCII promoters (19, 30) . It thus seemed likely that the accessory region of RFXAP could be implicated in cooperative binding interactions between RFX, X2BP, and NF-Y. However, our dissociation rate measurements of the multiprotein-DNA complex formed by the simultaneous binding of RFX, X2BP, and NF-Y does not support this model (Fig. 8B ). The precise function that is provided by the isotype-specific region of RFXAP thus remains to be determined. Several possibilities come to mind. First, it remains possible that it participates in cooperative binding with X2BP and/or NF-Y but that this contribution is either too subtle to be detected by our in vitro assays or significant only in a native chromatin context. Another possibility is that it mediates interactions with other as yet unidentified MHCII promoter binding factors. These may include either factors binding to all MHCII promoters, such as proteins recognizing the S box, or factors implicated at only a subset of MHCII promoters. Finally, an interesting possibility is that the isotype-specific domain of RFXAP recruits accessory proteins, such as chromatin-remodeling factors, that are required only for permitting occupation of certain MHCII promoters. The differential dependence on this domain may thus reflect differences in levels of promoter accessibility or chromatin structures.
The expression of HLA-DR, HLA-DQ, and HLA-DP is generally coordinated. However, there are also several reports describing a dissociated pattern of expression in certain primary cells, established cell lines, and tumor cells (reviewed in reference 1). In most cases, expression of HLA-DR is higher than that of HLA-DP whereas HLA-DQ is barely detectable or completely absent. This pattern (DR Ͼ DP Ͼ DQ) is reminiscent of the one observed in our complementation experiments with certain of the RFXAPs with deletions (Fig. 7A, N5 and N6). This suggests that the mechanisms leading to the dissociated pattern of MHCII expression observed in certain cell types may involve the isotype-specific domain we have identified in RFXAP.
